redistribution after photobleaching experiments, a microtubule turnover rate of t g =60 seconds was determined (Hush et al., 1994) .
Efforts to understand the molecular basis of microtubule turnover have included in vitro studies of growing and shrinking microtubules in which the samples were cryogenically fixed and examined in the frozen state in a cryoelectron microscope (Mandelkow et al., 1991; Chrétien et al., 1995; Arnal et al., 2000; Carvalho et al., 2003) . This experimental approach led to the identification of three different types of microtubule plus-end morphologies: (1) extended ends, which are typical of growing microtubules; (2) ram's-horn-like ends, which are characteristic of disassembling microtubules; and (3) blunt ends, which reflect a metastable state. More recently, a fourth microtubule plus-end morphology, flared, has been identified in electrontomographic studies of the mitotic kinetochores of Caenorhabditis elegans (O'Toole et al., 2003) . To date, no systematic studies of microtubule plus-end geometries have been reported in plants.
Here, we demonstrate that electron tomography can resolve five different types of phragmoplast microtubule plus ends in plant cells and that association of these ends with the cell-plate assembly matrix has a profound effect on relative frequencies of the different types of plus-end morphologies. Finally, we provide evidence that about one-third of the blunt-ended phragmoplast microtubules terminate within ~30 nm of the cell plate.
Materials and Methods

Plant material
Seeds of Arabidopsis thaliana (Landsberg erecta wild type) were planted in 0.8% (w/v) agar plates with MS (Murashige & Skoog) medium with 1% sucrose for 5 days. Seedlings were grown at a temperature of 24°C, a light intensity of 150 M photons m -2 s -1 and a photoperiod of 16 hours light/8 hours dark.
Sample preparation for electron tomography Shoot or root apical meristems were excised from 5-day-old seedlings and transferred to aluminum sample holders, cryoprotected with 150 mM sucrose and frozen in a Baltec HPM 010 high-pressure freezer (Technotrade, Manchester, NH) . Samples were then freeze substituted in 4% OsO 4 (shoot meristems) or 2% OsO 4 (root meristems) in anhydrous acetone at -80°C for 5 days, followed by slow warming to room temperature over a period of 2 days, removed from the holders and infiltrated with increasing concentrations of Epon (Ted Pella, Redding, CA). Polymerization was carried out at 60°C for 2 days under vacuum. Epon (250-450 nm thick) sections were prepared for electron tomography as described by Otegui et al. (Otegui et al., 2001 ).
Intermediate/high-voltage electron microscopy and acquisition of tilt series images Three tomograms were collected on a FEI Tecnai TF30 intermediatevoltage electron microscope (FEI, Hiilsboro, OR, USA) operating at 300 kV. The images were taken at 20,000ϫ from +60°to -60°at 1°i ntervals about two orthogonal axes (Ladinsky et al., 1997) , being collected with a Gatan Megascan 795 digital camera (Gatan, Pleasanton, CA, USA) that covered a 2.6 m ϫ 2.6 m region and had a resolution of 2048ϫ2048 pixels at a pixel size of 1.26 nm. The remaining tomograms where collected on a JEM-1000 high-voltage electron microscope (JEOL, Akishima, Tokyo, Japan) operating at 750 kV. The images were collected as described by Seguí-Simarro et al. (Seguí-Simarro et al., 2004) . For the large tomograms (using either the FEI Tecnai TF30 or the Jem-1000 HVEM), single images of adjacent frames (two to 16) were combined into montaged tilt series (Marsh et al., 2001 ).
Three-dimensional tomographic reconstruction, modeling and analysis The images (single or montaged frames) were aligned using the gold particles as reference markers as described previously (Ladinsky et al., 1999) . Each set of aligned tilts was reconstructed into a singleaxis tomogram using the R-weighted back-projection algorithm (Gilbert, 1972) . Merging the two single-axis tomograms into a dualaxis tomogram involved a warping procedure rather than a single linear transformation producing the dual-axis tomogram (Mastronarde, 1997) . In addition, dual-axis tomograms computed from adjacent serial sections were aligned and joined to increase the reconstructed volume (Otegui et al., 2001) . Tomograms were displayed and analysed with 3dmod, the graphics component of the 3DMOD (formerly Imod) software package (Kremer et al., 1996) . Membranous structures, microtubules and all types of vesicles were modeled as described previously (Marsh et al., 2001 ). Once a model was completed, meshes of triangles were computed to define the surface of each object (Kremer et al., 1996) .
The 'image slicer' tool of 3dmod was used to display and analyse tomographic slices extracted from the tomogram in any position or tilt around the x, y or z axes. This tool allowed us to obtain squeezed images in which several consecutive 2.2 nm tomographic slices were combined, thus generating z-axis projections of different thickness, more similar to conventional electron-microscopic thin sections. This tool was also particularly useful for modeling and identifying the different geometries of microtubule plus ends.
The spatial relationship between microtubule plus ends to the cellplate membrane was determined by measuring the distances between the objects in three dimensions and computing an average density of neighboring items as a function of distance between objects using the MTK program (Kremer et al., 1996; Marsh et al., 2001) . Distances were measured from the central axis of the microtubule plus end to the surface of the cell-plate membrane. The bar graphs depict the actual spatial relationship between the microtubule plus end and the surface of the cell-plate membrane. The line on each of these graphs compares the distances between randomly arranged microtubule plus ends and the cell-plate membrane. This random distribution was obtained by shifting the microtubule plus ends to new positions within the three-dimensional (3D) volume of the modeled cell-plate assembly matrix and rejected positions that shifted outside the modeled region or that resulted in collisions between objects (Marsh et al., 2001; O'Toole et al., 2003) . This is the standard way to determine whether a distribution of items is non-random, and the graph compares the density distribution of the randomly shifted microtubules to those in the actual model.
Results
To identify positively the different stages of the mitotic and phragmoplast microtubule arrays analysed in this study, we have created large-volume tomographic reconstructions of cryogenically fixed meristem cells (Fig. 1) . These reconstructions have enabled us to analyse close to 1000 individual microtubules from end to end (minus end adjacent to the nucleus, plus ends facing the cell-plate region). We were able unambiguously to classify the plus ends of 846 of these microtubules, from 16 different cells (three different cells from each stage represented in Fig. 1 , except the solid phragmoplast stage were four cells were examined). The remaining plus ends could not be classified unambiguously because they either terminated in the blurred interface regions of the serial sections or stained irregularly. The models also demonstrate that, during somatic-type cytokinesis, the microtubule plus ends do not interdigitate at the cell-plate mid-line ( Fig. 1B-E ).
Five types of phragmoplast microtubule plus-end morphology The tomograms produced during this study yielded calculated slices with a thickness of 2.2 nm. This slice thickness enabled us to resolve each 25 nm diameter microtubule into 12 longitudinal serial slices, which was sufficient to resolve the geometry of the microtubule plus ends ( Fig. 2A) . Notice that, in Fig. 2A , a horned microtubule end depicts only every third 2.2 nm slice image. By carefully tracing the end structures of each microtubule in all 12 slices, it became possible to produce best-fit reconstructions of microtubule end morphologies ( Fig. 2B-M) . However, because the diameter of the microtubule protofilaments (4 nm) is smaller than the 3D resolution of our samples (5-7 nm), the filamentous structures shown in our reconstructions do not correspond exactly to individual microtubule protofilaments. Nevertheless, the resolution of the high-pressure-frozen, freeze-substituted and plastic-embedded samples is clearly sufficient for distinguishing the five types of microtubule plus-end morphologies, which was observed in all stages. The five identifiable types of microtubule plus-end geometries are: (1) blunt ( Fig Cell-plate assembly matrix, cell-plate membrane and microtubule plus ends We have previously reported that most phragmoplast microtubules terminate within the cell-plate assembly matrix (Seguí-Simarro et al., 2004) . Here, we demonstrate that this association has a profound effect on microtubule plus-end morphology (Figs 3, 4) . To analyse the cell-plate assembly matrix effects on microtubule plus ends, we have taken advantage of the fact that, at different stages of cell-plate formation, the proportion of microtubules associated with the , which lacks a cell-plate assembly matrix and displays many short microtubules on both sides of the maturing cell plate. (E) Ring-phragmoplast stage (5.9ϫ2.8ϫ0.9 m). Two dense sets of opposing microtubules flank the growing edge of cell plate, which is surrounded by many vesicles, and a cell-plate assembly matrix (not shown). The more mature central cell-plate region has fewer interacting microtubules. Scale bars, 1 m.
cell-plate assembly matrix varies. Thus, as the phragmoplast array matures from the initial stage to the solid-phragmoplast stage (Fig. 1B,C) , the proportion of microtubules that terminate in the cell-plate assembly matrix increases from 30% to 65%. By contrast, during the transformation of the solid phragmoplast to a transitional phragmoplast (Fig. 1C,D) , the proportion drops from 65% to 0%.
The effect of cell-plate assembly matrix association on microtubule plus ends is illustrated graphically in Fig. 3 and quantitatively in Fig. 4 . In Fig. 3 , the microtubule plus-end types are shown as colored dots (yellow, blunt ends; green, extended ends; red, horned ends; blue, flared ends). The high proportion of yellow dots associated with the solid phragmoplast cell-plate assembly matrix (Fig. 3B) illustrates that the association of a microtubule plus end with the cellplate assembly matrix increases its probability of becoming blunt ended. The proportion of blunt-ended microtubules in this sample is ~70% and the proportions of extended and horned microtubule plus ends are each 15-20% (Fig. 4B) . By contrast, of those microtubules that terminate outside the cellplate assembly matrix in this solid phragmoplast, only ~20% of their plus ends are blunt, whereas ~45% are extended and 35% horned (Fig. 4C) . The cell-plate assembly matrix breaks down during the transitional stage (Seguí-Simarro et al., 2004) and this has two profound effects on the phragmoplast microtubules: their numbers drop precipitously and the number of horned microtubule plus ends increases to ~80% (Fig. 3D,  Fig. 4C ). Another interesting finding is that, during all phragmoplast stages except the transitional stage (when 80% of the microtubules are disassembling), the proportion of microtubules with extended plus ends remains remarkably constant at 15-20% (Fig. 4A) .
The extent to which phragmoplast microtubule plus ends interact with cell-plate membranes has yet to be determined. To address this question, we have analysed the distances between horned and blunt microtubule plus ends, respectively, and their nearest cell-plate membrane in all of our tomograms (Fig. 5A,B) . As shown in Fig. 5A , the analysis did not detect any preferred distance between the horned microtubule plus ends and the cell-plate membrane. By contrast, such a spatial relationship is clearly evident in Fig. 5B , which illustrates the relative frequency of blunt microtubule plus ends at specific distances from cell-plate membrane. In particular, there is a pronounced peak in the frequency distribution at 30 nm. This finding suggests that about 30% of the blunt-ended microtubules terminate at a distance of ~30 nm from a cellplate membrane.
Journal of Cell Science 118 (17) Because the thickness of a tomographic slice is 2.2 nm and the thickness of a protofilament ~4 nm, we were unable to model each protofilament individually. Therefore, the architecture is 'relatively mapped' and not all of the microtubules modeled exhibit 13 protofilaments. Color coding of the different microtubule plus-end types: blunt-ended, yellow; extended, green; horned, red; flared, blue; hybrid extended/horned, orange. Scale bars, 0.05 m.
Discussion
Light-microscopy studies of living cells have shown that the phragmoplast microtubule array is a highly dynamic structure within which the microtubules turn over rapidly (Hush et al., 1994) . So, there has been no accounting for the dynamics of individual microtubules within this array. To address this question, we have preserved A. thaliana root and shoot meristem cells using high-pressure-freezing/freezesubstitution techniques and then analysed the plasticembedded samples using electron tomography. This approach has enabled us to obtain quantitative information about the microtubules within the different phragmoplast microtubule arrays and, in particular, about the microtubule plus-end morphologies and their association with the cell-plate assembly matrix. The four principal findings are: (1) microtubules do not interdigitate at the cell-plate mid-line; (2) the identification of five different types of microtubule plusend morphology; (3) the demonstration that the association of the microtubule plus ends with the cell-plate assembly matrix alters the ratio of the different end types; and (4) the demonstration that about 30% of the blunt-ended microtubules terminate ~30 nm from a cell-plate membrane.
Phragmoplast microtubules do not interdigitate at the cell-plate mid-line during somatic-type cytokinesis During the past 40 years, studies have come to different conclusions concerning the extent of microtubule interdigitation at the cell-plate mid-line during somatic-type cytokinesis (Pickett-Heaps and Northcote, 1966; Whaley et al., 1966; Hepler and Newcomb, 1967; Hepler and Jackson, 1968; Asada et al., 1991; Samuels et al., 1995; Müller et al., 2004; Van Damme et al., 2004) . Nevertheless, it is generally assumed that phragmoplast microtubules do interdigitate, as in the depiction of somatic-type phragmoplasts with interdigitating microtubules in textbooks (Raven et al., 1999; Alberts et al., 2004 ). In the current study, we have not observed any examples of interdigitating phragmoplast microtubules in apicalmeristem cells of Arabidopsis. The clearest evidence for interdigitating phragmoplast microtubules can be found in the papers by Bajer (Bajer, 1968) , Hepler and Jackson (Hepler and Jackson, 1968) , Euteneuer et al. (Euteneuer et al., 1982) , Brown and Lemmon (Brown and Lemmon, 1992) , and Otegui et al. (Otegui et al., 2001 ). Common to all of these studies is that they described the events associated with syncytial-type cell-plate formation in endosperm cells and not somatic-type cell-plate formation in meristem cells. As discussed below, we have found no conclusive evidence in the plant cytokinesis literature for interdigitating phragmoplast microtubules during somatic-type cytokinesis. Thus, syncytial-type cytokinesis in plants differs from somatic-type cytokinesis not only in the geometry of cell-plate assembly intermediates (Otegui et al., 2001 ) but apparently also in the organization of the phragmoplast microtubules at the cell-plate mid-line.
During the course of this study of somatic-type cytokinesis in Arabidopsis, we analysed 16 tomograms (~9000 slice images) of phragmoplasts at various stages of cytokinesis, as well as >2000 electron micrographs of thinly sectioned cryogenically fixed cells. In none of these images did we find evidence for interdigitating microtubule plus ends. Nine out of 1123 microtubules (~0.8%) were found to cross the cell-plate mid-line but none were organized into close pairs or bundles. These results are consistent with findings of many earlier electron-microscope studies of somatic-type cell-plate formation (Pickett-Heaps and Northcote, 1966; Whaley et al., 1966; Hepler and Newcomb, 1967; Samuels et al., 1995) .
Many excellent light-microscope analyses of somatic-type cell-plate formation using fluorescent tubulin antibodies (Gunning, 1982; Asada et al., 1991; Gu and Verma, 1997; Muller et al., 2004) , injected fluorescent tubulin (Zang and Hepler, 1990; Hush et al., 1994) or green-fluorescent-proteintagged tubulin in living cells (Ueda et al., 2003) have also failed to provide evidence for interdigitating phragmoplast microtubules. However, because most of the authors have Journal of Cell Science 118 (17) 5 . Closest-approach analysis of horned (A) and blunt (B) microtubule plus ends to a cell-plate membrane. Solid-phragmoplaststage cells from shoot and root meristems were examined for this analysis. The bars compose histograms of the actual densities of plus ends of microtubules at different distances from the cell-plate membrane. The line is the density distribution of plus ends of randomly distributed microtubules from the cell-plate membrane. (B) There is a significant peak in the distribution of blunt ends at 30 nm. This population is much greater than the calculated random distribution (thin line) than in A, which lacks such a peak. This suggests that about 30% of blunt-ended microtubules end at ~30 nm from the cell-plate membrane. attempted to interpret their findings according to the interdigitating-microtubule model, the lack of fluorescence has been postulated to be due to inaccessibility of the probes to the interdigitating-microtubule region. Contradicting this explanation is the finding that the interdigitating microtubules of syncytial-type phragmoplasts can be fluorescently labeled across the mid-line (Nguyen et al., 2001) .
When interpreting fluorescent microscope images, it should be remembered that their 3D resolution is 150-200 nm, whereas the resolution of our tomograms is ~7 nm. As illustrated in Fig. 6A , the width of the cell-plate matrix region is ~150 nm (i.e. close to the limit of resolution of the light microscope). To illustrate this point, we have calculated the equivalent fluorescent image of our tomographic reconstruction, displaying the individual microtubules as ~150 nm, slightly transparent objects (Fig. 6B) . The similarity of this modeled image to published micrographs of fluorescently labeled somatic-type phragmoplasts is striking [compare Fig.  6B with published images (Gunning, 1982; Zang and Hepler, 1990; Asada et al., 1991; Hush et al., 1994; Gu and Verma, 1997; Ueda et al., 2003; Muller et al., 2004) ].
Why do syncytial-type but not somatic-type phragmoplasts have interdigitating microtubule plus ends? We postulate that the syncytial-type phragmoplasts have interdigitating microtubules to help to stabilize their (mini)phragmoplasts mechanically, which consist of only about ten microtubules, as opposed to >1000 in somatic-type phragmoplasts (Hepler and Newcomb, 1967; Gunning, 1982; Otegui et al., 2001) . Furthermore, the problem of phragmoplast stabilization is even more important during syncytial-type cytokinesis, because the simultaneous production of about six syncytial walls requires much more time (>1 hour) (Otegui and Staehelin, 2001 ) than the formation of one somatic-type cross-wall (10-20 min) (Zhang et al., 1990; Ueda et al., 2003) .
Microtubules involved in cytokinesis and the phragmoplast exhibit three major and two minor geometries In this study, which reports the characterization of the plus ends of 846 microtubules that were tracked end to end, we describe five different end types that are seen in all stages (Fig. 2) . Three of these (blunt, extended and horned) correspond to the microtubule end types observed in vitro (Mandelkow et al., 1991; Chrétien et al., 1995; Carvalho et al., 2003) . The flared end type appears to correspond to the flared type of kinetochore-associated microtubule plus end seen in C. elegans (O'Toole at al., 2003) . The fifth, novel plus-end type (the hybrid type) shows an extended configuration on one side and a horned configuration on the other. Microtubules with flared ends (Fig. 2K-MЈ) and hybrid horned/extended ends (Fig.  2J ,JЈ) are seen rather infrequently (flared type, 1-2%; hybrid type, <1%). This fact, together with the geometries of these two microtubule plus-end types, suggests that they correspond to transient microtubule plus-end states. Thus, the hybrid end type might correspond to a rescue or to a catastrophe event. More interesting is the 'coned' architecture of the flared ends (Fig. 2KЈ,LЈ,MЈ) , which probably represents a transition between a blunt-ended, metastable microtubule and a disassembling, horned microtubule. This type of flared plus end has been reported to account for ~70% of the microtubules plus ends within the kinetochores of C. elegans (O'Toole et al., 2003) , whereas, in this study of plant phragmoplast microtubules, <2% exhibited flared ends. This difference suggests that the geometry or the energetic properties of the flared microtubules plus-end configuration might be exploited by the kinetochore apparatus to help drive chromosome movement during mitosis.
Cell-plate assembly matrix stabilizes the plus ends of phragmoplast microtubules The phragmoplast microtubule array is reorganized several times during cytokinesis (Lambert, 1993; Granger and Cyr, 2000; Mayer and Jürgens, 2004) . Thus, understanding the functional relationship between microtubules and the cell-plate To produce this image, we increased the diameter of the microtubules to 150 nm (the limit of resolution of fluorescence-microscopy images) and made the microtubules look slightly transparent. assembly matrix within which the cell plate is formed is of central importance to understanding the mechanism of plant cell cytokinesis. Because the dynamic state of a microtubule plus end can be deduced from its geometry (Arnal et al., 2000; O'Toole et al., 2003) , analysis of the types and frequencies of microtubule plus ends in cryogenically fixed and freezesubstituted cells can yield insights into the dynamic state of specific microtubule arrays. We have used this approach to evaluate the effect of the cell-plate assembly matrix on phragmoplast microtubule dynamics. The high proportion of cell-plate-assembly-matrix-associated microtubule plus ends with a blunt, metastable morphology (50-70%, Fig. 3B, Fig.  4B ) contrasts greatly with the low proportion of such ends (5-50%) on microtubules that are not associated with the cell-plate assembly matrix (Fig. 3C,D, Fig. 4C ). In fact, these microtubules that are not associated with the cell-plate assembly matrix exhibit a much higher proportion of horned, disassembling microtubule plus ends (30-80%) than those within the matrix (5-40%). Because blunt-ended microtubules are metastable, we conclude that the cell-plate assembly matrix contains molecules that help stabilize phragmoplast microtubule plus ends. This results in a reduced rate of turnover of phragmoplast microtubules that are optimally organized to deliver the Golgi-derived vesicles to the growing cell plate.
Some phragmoplast microtubules terminate ~30 nm from a cell-plate membrane As reported previously (Seguí-Simarro et al., 2004) , the phragmoplast microtubules that terminate within the cell-plate assembly matrix rarely extend beyond the equatorial cell plate (Fig. 1, Fig. 3A) . Similarly, when the tips of extended (growing) microtubules are traced in tomograms, they often stop at the level of the cell plate (Fig. 3) . Together, these observations suggest that molecules associated with the cellplate membranes might be able to capture the tips of growing microtubules and to stop their growth. Total internal reflection fluorescence (TIRF) microscopy studies of fibroblasts have demonstrated that microtubule plus ends can be captured <50 nm from the plasma membrane (Small and Kaverina, 2003) . With this finding in mind, we analysed the distances between the ends of both blunt and horned microtubules, and cell-plate membranes in all of our tomograms. The analysis demonstrated that about one-third of the blunt-ended microtubules terminate ~30 nm from a cell-plate membrane (Fig. 5A) , whereas no preferential distance was observed for the horned microtubule plus ends (Fig. 5B) or extended microtubule plus ends (data not shown). This finding indicates that, during somatic-type cytokinesis, a significant proportion of the blunt-ended (metastable) phragmoplast microtubules could be connected to cell-plate membranes via linker molecules. The presence of such molecules would explains why Kakimoto and Shibaoka (Kakimoto and Shibaoka, 1992) were able to isolate intact phragmoplasts (cell plates with opposing sets of microtubules) from dividing Nicotiana tabacum BY-2 cells and why cell-plate-associated microtubules and actin filaments became misaligned as a unit by myosin-disrupting agents (Molchan et al., 2002) .
At present, the identities of postulated phragmoplast microtubule plus-end capture proteins are unknown. The Arabidopsis genome contains three EB1-encoding and nine MAP65-encoding genes (Mathur et al., 2003; Müller et al., 2004) . Of these, AtEB1 appears to be the best candidate for being part of a microtubule plus-end capture complex because it is the only one that has been localized to the growing plus ends of microtubules (Mathur et al., 2003; Van Damme et al., 2004) . This suggestion contradicts the hypothesis of Van Damme et al., who proposed that AtMap65-3, which has been localized to the phragmoplast mid-line by fluorescence labeling (Müller et al., 2004; Van Damme et al., 2004) , binds to overlapping phragmoplast microtubule regions and stabilizes the microtubules. Given the absence of overlapping microtubules in our tomographic models and the ~200 nm limit of resolution of fluorescence microscopy, we suggest that the hypothesis that AtMAP65-3 binds to overlapping microtubules should be abandoned. Instead, the finding that a mutation in the microtubule-binding domain of AtMAP65-3 leads to a characteristic widening of the microtubule-depleted mid-line region of the phragmoplast (Müller et al., 2004) , is consistent with the idea that this protein is part of a plus-end capture complex.
